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EXPEBIMENTAL RESEARCE ON E z L ' C T 3 i C  PBOPULSIOX 

NOTE V I I :  ANALYSIS OF TAE PERFORMANCE O F  AN ARCJET DRIKTN BY 

HYDROGEN AXD NITRCGmT 

Aurelio C. Robotti and Mario Oggero 1 

ABS%?ACT 

Description of experiments performed on a new type of 

a rc je t ,  characterized by  composite electromagnetic and vor- 

t ex  s t ab i l i za t ion  and propelled by hydrogen and nitrogen i n  

turn.  Pa r t i cu la r  a t ten t ion  w a s  devoted t o  the e l e c t r i c a l  

charac te r i s t ics  of the a rc  and t o  the loss of heat through 

electrodes . 

1. Introduction. /8 9b* 

When research was undertaken by t h i s  School i n  1960 on arcJe ts ,  t'ne plan- 

ning and.development of a hydrogen-driven a r c j e t  presented considerable d i f f i -  

culty.  

argon, which held l i t t l e  i n t e r e s t  f o r  propulsion purposes, but served as  orien- 

t a  t ion.  

Therefore, i n i t i a l  s tudies  used i n e r t  gases such a s  nitrogen, a i r  and 

*Nubers given i n  margin indicate  pagination i n  o r ig ina l  foreign t e x t .  

'Work presented by Prof. Aurelio C .  Robotti, Sc@ool of Aerospace Engineering, 

Work conducted with the assistance of the CNII. Torino Polytechnical School. 

Text received February 2'7, '1965. 
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The experimental. r e s u l t s  obtained i n  this f irst  phase of research were 

published i n  various Notes (refs. 1-3). 

They furnished useful  information on the behavior of the  e l e c t r i c  a r c  i n  

the presence of magnetic a d  aerodynamic f i e lds ,  and permitted us t o  deterrdne 

the  bes t  geometry f o r  the electrodes, both from the point of view of t h e i r  con- 

A new a r c j e t  adapted for hydrogen as a propellant passed from the planzing 

t o  the experimental stage, and showed prospects of success. 

Subsequently, the same a r c j e t  was driven by nitrogen, i n  order t o  compare 

the  results of tests with hydrogen. 

% 

2. Experimental Apparatus. 

Figure 1 shows schematic of  the hydrogen a r c j e t .  With regard t o  previous 

models designed f o r  nitrogen and argon, t h i s  shows the  distance between e lec-  

t rodes reduced one t h i r d  i n  order t o  increase the s t a b i l i t y  of the a rc .  /895 

The dimensions of the chamber are therefore very small i n  comparison with the  

nitrogen ~d z g c s  x c i e t s .  Tat. cenixai eLectrode has, however, the s m e  dlmen- 

s ions and i s  interchangeable with those of  the previously constructed models. 

Tne a r c  i s  s t ab i l i zed  pr incipal ly  by a vortex created by the intake feed 

gas which is  injected tangent ia l ly  t o  the chamber; moreover, on the base of the 

a r c j e t ,  a winding i s  mounted along the path of the arc current which a l so  pro- 

duces an electromagnetic s t ab i l i z ing  e f f e c t  espec ia l ly  useful  i n  the i n i t a l  

t r ans i en t  current  when the vortex i s  not yet e f f i c i e n t .  

Water c i rcu la t ion  cools the electrodes;  the capacity i s  0.5 l i t e r / s e c  f o r  

the  anode, and 0.4 l i t e r / s e c  for  the cathode. 

i s  a lso water-cooled. 

The winding of the magnetic f i e l d  
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Figure 1. Diagram of the  hydrogen a rc j e t .  

Figure 2 shows the  general plan of the feed i c s t a l l a t i o n .  The continuous 

current  i s  supplied by a three-phase, 220V, s i l i con  r e c t i f i e r  junction, through 

a three-way (220, 190, and 1 5 O V )  transformer which permits select ing the  most 

su i tab le  voltage fo r  the ins ta l la t ion ;  it functions by an a rc  c i r c u i t  separa- 

t o r  from the feed l i ne .  

Cddn_g is Qf the clsse& c i r cu i t  c-m- yr;+?-. 2 1 -7 -I-...-’- W J  P’, n I W Y  m- ~ , ~ L L I ) I  of ti czi+ciiy per- 

m i t t i n g  prolonged tes ts  t o  be m a d e  without a noticeable increase i n  water t e q -  

erature. Circulation i s  provided by a pump with a maximum capacity of  5 l i t e r /  

sec and a pump head of 40 m. 

All operations are by remote control through a remote control switch; d l  

cont ro ls  are mounted on a single control board. The a r c j e t  w a s  set  up t o  avoid 

danger of an accidentdl gas escape. 

3.  Instrumentation. 

I n  addition t o  the  normal e l e c t r i c a l  measurements of voltage and current, 

t he  arcjet  was provided with temperature detectors a t  the  entrance and e x i t  of . 
3 



the cooling ducts. Tbermocou2le zn2 tkermores ls taxe  detectors  were used for 

I 

t h i s  purpose i n  various tests; i n  t h e  case of the thernocou2le detector,  due t o  

the s l i g h t  increase i n  water teaperstme,  the s e n s i t i v i t y  was increased by add- 

ing junctions i n  se r ies ,  with a cold coupling i n  the water of &e enti-=ice 

cooling duct, i n  order t o  perni t  direct  reading of a difference .in teo;perzture. . -  

The accuracy and duplication of both measuring methods are about equal; the 

thennoresistance detectors  used i n  junction s e r i e s  a re  more sens i t ive , ,  but show 

a considerably longer response time. 

l imi ted  t o  tests at operating speed, for specif ied times. 

For t h i s  reason, they should be /896 

Neasurement of the  cooling water capacity w a s  made with a Venturi meter 

inser ted  i n  the  bypass; the.hydrogen capacity i s  measured then with a diaphragm 

flow meter, cal ibrated previously by comparison 2sith a rotameter. 

Figure 2 .  General i n s t a l l a t i o a  plan. 
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4. Experimental r e su l t s .  

4.1. Tests with Hydrogen 

Experiments were s t a r t ed  with the new hydrogen a r c j e t  i n  order to gat le r ,  

with a s  f e w  t e s t s  as possible, a f irst  g r o q  of data e a s i l y  i n t e r & i t e d  on the 

bas i s  of previously obtained r e su l t s .  

i n  par t icu lar ,  the behavior of the a n j e t  was studied by varying the gas capac- 

i t y ,  maintaining constant both the current and the geometry o f  the chamber, 

Koreover, a nozzle with a ra ther  large (abou?; 4 m) dianeter  w a s  se lected so 

t h a t  the pressure of the a rc  could be kept constzint and equal t o  atmospheric 

pressure throughout the f i e l d  being measured. 

Ynis was’doce using s ingle  variable;  

I n  the f i rs t  se r i e s  of t e s t s ,  current l eve l s  of 200 A and 160 A were ex- 

amined, using both hydrogen and nitrogen. 

I n  the case of hydrogen ( f i g .  3), the  a r c  voltage tenCis t o  increase con- 

siderably,  equal t o  the current,  with the  capacity of gas; t h i s  voltage increase 

i s  accompanied by a var ia t ion of the g e e t r y  o f  the a rc  which can be observed 

during the  t e s t s .  

Figure 3 .  Voltage-capacity curve i n  the hydrogen a r c j e t .  . 
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AX lower capaci t ies ,  the e l e c t r i c  a rc  strikes tne inside 01" the . /@IT - 
chamber and "&e &.node base r e s t s  appoxiEately is the nozzle comergi2g zoae, 

as  shown i n  I'igure 4. This i s  confirrried by the very obvious t races  which can 

be observed i n  a high t e s t  chamber. 

A s  the capacity increases,  the  arc  r i s e s  up i n  the f lue  and a t  a specified 

value becomes s t ab i l i zed  i n  haxmoEy with the out& edge; i n  t h i s  posi t ion the 

a r c  can be e a s i l y  seen through proper screens and appears l i k e  a luminous 

nucleus centered on the nozzle. 

By l a t e r  increasing the capacity, the a rc  extends on the outside, a s  i f  it 

were discharged, but the posi t ion of rest i n  the chanber does not change i n  

harmony with the outer edge of the nozzle. 

?"ne erosion of the x z z l e  walls i s  c l ea r ly  related t o  the georcetry of the 

arc;  a t  high capaci t ies  an erosion c a n  be seen i n  the form of a c ra t e r  near the 

end of the nozzle where the  base o f t h e  a rc  r e s t s .  

Figure 4 Confi,.;urations of  the a rc .  
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A t  lower current, the pheno;nenon of the a r c  disckarge or blowoff tends t o  

take place a t  iower l eve l s  of ca?aclty; the  voltages Increase noticeably ar,C 

the  a rc  becoxes wlstable. A t  currerh on the order of 140 A the a rc  can be 

burnt out qui te  eas i ly .  

4.2. TeBtf3. W i t h  nitTQ@ZlA 

The t e s t  a t  200 A and 160 A were repeated with nitrogen at  the  molar heat 

content l e v e l  on the order of nagnitude of hydrogen t o  provide siailar con&i- 

t i ons  of  heat sLpply t o  the gas; hence i n  the f f r s t  approxiration a d  withoux 

disassociation, there  i s  equal average temperatme of gas. 

I n  the  case of nitrogen, the arc tension or voltage i s  l e s s  t%a fo r  hy- 

drogen (compare with figure ?), but  it -?seines a 2er fec t ly  analogous charzcter- 

i s t i c :  o n l y  i n  th i s  case can the displacement o f  Yi?e a rc  be observed a t  the 

increase i n  capacity and consequent oxtside discharge, fo r  grea te r  valaes, bat 

i n  the  case of nitrogen t h e  a r c  i s  nuch more s tab le  and throughout the tests a 

I8n8 "-nhn+.-'nnrr.,r. L------.+ -- h . & - e ' - r + <  *m 2 c na77=,-.. h L - o n 7 r a A  - 
3 .  C a l . o r i m e t r i c  measurements. 

Temperature data  a t  the  entrance and e x i t  or" separate ducts of  ?;ne cooling 

c i r c u i t  permitted an evaluation t o  be made of  thermal l o s s  i n  the ixd iv idud  

electrodes;  as a result, the  loss of eff ic iency could be evaluated due t o  heat 

t r a n s f e r  at  the  w a l l s  

1- q = wp/w 
where W = e l e c t r i c  power supplied: V - I 

Wp = the  sum of the  power lost i n  the  cooling of the two electrodes;  

it i s  noted t h a t  '1 i n  the f i r s t  approxlmatlon cac 3e assumed t o  be e q u d  t o  tL",a 

e f f i c i ency  or y ie ld  of the conversion of e l e c t r i c  ecergy in to  the theraa l  energy 

of the j e t .  

7 
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Figure 5.  Voltage-cspacity curve i n  the nitrogen a rc Je t .  

Heat l o s s  i n  both electrodes i s  indicated i n  figure 6 f o r  hydrogen while 

f igure  7 shows r e s u l t s  obtained f o r  nitrogen. 

consideration i s  given t o  the phenomenon of therna l  exchange i n  both electrodes.  

i n  the analyses of these r e s u l t s  

5.1. Cakhode Loss. 

Heating of the cathode i s  due chief ly  t o  the existence of a high tempera- 

t u re  hea t  zone i n  the base of the arc corresponding t o  the cathode spot where a 

f a l l  i n  l oca l  voltage i s  observed which corres2onds t o  the voltage required t o  

e x t r a c t  from the metal the thernoelectrons xaking up the  ionized colmn.  The cath- 

ode drop of po ten t ia l  i s  2 ;unction of the -n=iture of the ~ e t a l ,  nf z r ~  C”T- 

r en t ,  and of the operating gas. A i l  ot‘ner conditions being equal, t h i s  becomes a 

decreasing function of the current bscsuse, w i t h  the  current increase and hence 

the  l o c a l  temperature increase of  the cathode through the Joule e f f ec t ,  the energy 
tl&f=SS&ry scc exIrxTinLj the t h o r r n c . ~ \ e i ~ ~ - ~ * ? s  &&,t-&~:s j 1 

dispersed i n  the cathode must r e su l t  therefore ap&oximately constant t o  the  
pc nrer cy- 

var i a t ion  of the  current.  I n  f a c t ,  the cathode i s  a l so  heated throGgh i r r ad ia -  

t i o n  of the  a r c  colunn, while a cer ta in  cooling e f f e c t  i s  noticed i n  the gas 

which touches it. These effects ,  however, should be secondary. 

Experimentally, these consideraTions are confirmed i n  the c2se of nitrogen 

where the  power dispersed i n  ‘the cathode i s  i n  f a c t  about constant t o  the 
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variat ion of botl? the current an2 t h e  capacity. 

'higher loss  i s  noted with the  current par t l c - zh r ly  a t  lower c~pc :z i z s  of gas 

used, w h i l e  the  var ia t ion  w i t h  t he  capacity i s  negl igible .  

subject  of fu ture  research, i s  probsibly detemined by the  g rea t e r  heat  supplied 

t o  the  cathode by hydrogen arc  conduction, when hydrogen a t  low capacity (or 

energy) s t . - r i k ~ s  entirely jn_sjiie t h e  c k s ~ b e r .  

X t h  hydrogen, ~ G - J Z - J Z ~ ,  a 

This snomly, t he  

5.2. Anode Loss. 

The thermal exchange between the chamber and t h e  a r c  i s  c lose ly  connecxd 

with the dy-nanic flow characzer is t ics  of t'ne gas i n  the nozzle; i n  z'ne anode on 

the contact surface of the a rc  there i s  a l so  observed a dispers ion of power 

corre sponding 
t o  

the  annulKent of the themoelectron k ine t i c  energy, but /Egg 
L r -  LLS loss i s  i n  la rge  p a r t  l e s s  than the  heat  transmitted through convection 

by the  operating gas. The 

i i n c t i o n  of the  flux velocity;  however, the presence of the vortex nay notice- 

ab ly  influence results. 

thermal exchange between gas and metal i s  a 

Figure 6. Heat l o s t  i n  the electro2es of hydrogen a r c j e t .  

Y 
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As a clatter of l e c t ,  it CET: 'se note6 fht  ir, the case of n l t r o g e c ,  wkec 

the ca2acity Increases, the SissTpteC power r e m i c s  8pproximate;y cms tan t ,  

equal t o  the current, while is the czse of hydrogen, it decreases decicediy. 

This anomalous behavior of hydrogen car, be explained by a hypothesis 

analogous t o  t h a t  fomulated for  t h e  cathode loss .  

posed t h a t  the j e t ,  with the increased capacity, loses  i t s  homogeneity and 2s 

'it may fur themare  be s u p  

seen as  a very hot nudeus  a t  the axis surrouneed by a gas v e i l  which i s  re la -  

t i v e l y  colder. Tnis  l a t t e r  hypothesis could be conZirned by the considerable 

redGc-;Lon of tke losses  which accz.;r;-,zqr the decrease i n  the current; i n  t'ne case 

of nitrogen, the var ia t ion i s  very Eodest. it I s  hoped, nevertheless, t h a t  by 

continuing the present experiments t h i s  uncertain point w i l l  be cleared up. 

6. Efficiency (yield) .  

Figure 8 i l l u s t r a t e s  the conversion gain f o r  both gases, with var ia t ions 

i n  the current and i n  the capacity. 

a A . t ;  V C L ~  n ~ g ~  tiIiU reacn yu percent for hydrogen, and 80 percent for nitrogen. 

The values of the e f f i c i enc ie s  (y ie lds)  

The minimcl values are  f$nd a t  lower capaci t ies ,  and are  just iTiable  n m  
r .  

only with a higher gas temperature from the norrent tinat the molar heat content 

i s  p r s c t i c e l l y  cocstant thro.@out the f i e l d ,  but a l so  under these circum- 

stances the a rc  s t r i k e s  e n t i r e l y  inside t'ne chamber and the a rc  voltage i s  very 

low. Therefore, the relat ionship between the power supplied t o  the  gas ane' 

the power dispersed i n  the electrodes I s  small. 

A s  the capacity grows, the phenonenon of a rc  discharge already i l l u s t -  

ra ted is ver i f ied;  voltzge consequen-tly increases and hence the available 

power becoaes grea ter  whi lg  the loss i n  the electrodes remains about constan-, 

(or decreases, a s  i s  the case with hydrogen), through the protective act ion oi' 



Figure 7. Eeat l o s t  i n  the electrodes of the nitrogen a r c j e t .  

the vortex whic'n thermally Isola-ces the gas column ionized by the wal ls  and 

l i m i t s  the contact t o  the very ends of the arc.  

Due t o  the noticeable nonhonogeneity of the gas j e t  st t'ne e x i t  of the arc 

chaaber; f o r  purposes of propulsion the addltion of a xixing chasber would be 

required i n  f ron t  of the expansion nozzle. 

cause the pr incipal  objectives of tk-5.s research were t o  study the e l e c t r i c a l  

charac te r i s t ics  of the a r c j e t  driven by 

mine the  degree of loss i n  t l e  elec:rcdes. 

This was not done f o r  t'ne nomen: be- 

hydrogen and nitrogen, and t o  deter-  - 

The introduction of a mixi2g c'rmber would account f o r  a consLderable re- 

auct ion i n  eff ic lency.  

f indings compared wit'n those ob$licec5 LE prevLous s tudies  ( r e f .  5 )  using a 

It i s  silr'ficient t o  l zo2 the  grea t  difference i n  these 

much l a r g e r  arc  chaniber and a more miform j e t .  

7. Concluslons. 

These s tudies ,  which almost complete the se r i e s  02 experiraents conducted 

duririg four years a t  t h i s  School, have demonstrated the poss ib i l i t y  of actua-c- 

ing a hydrogen-propelle; a r c j e t  which i s  s tab le  and has a reduced electrode con- 

sumption. 

conditions; thermal conversion gain was determined. 

Thermal loss  i n  this a rc j e t  was evaluated by varying the operating 

11 
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Based on these r e su l t s ,  w e  intend t o  uzde l tdke  a new se r i e s  of e q e r l z e n t s  

s t a - t i ng  w i t h  the  construction of a dynamorretric board an&, la te r ,  t he  deveiog- 

ment of a vacuum chamber, .in order t o  complete the a rcJe t  studies with measure- 

nents or" t rue  thrust and space s imi la r i ty .  
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